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.Provisional U.S. Patent Appli'catioh: ASflAL 
SYStEIVl, METHOD, AND APPARATUS TO SEPARATE DOSE AND 
FOCUS BASED ON SCATTEROIVIETRY DATA 
Summary 

A scatterometry method is described which can separate focus and dose errors made during 
exposure. The focus data is correlated to other techniques. A method according to one embodiment of 
the invention, based on Principal Component Regression, comprises two steps: 

1. A calibration FEM is exposed, readout by the scatterometer, and the measurement results are used 
to buiid a model of focus/dose vs. spectra. This model is directly based on the scatterometry spectra. 
Potential advantages may include that no knowledge of optical properties of materials is required and 
that complex and time consuming building of libraries can be skipped. 

2. The to-be-measured-wafers are read-out. Using the model, the recorded spectra are translated into 
focus and dose values. The calculation only takes a few seconds per wafer (1000 points). 

The scatterometer can measure gratings in the scribe lane or directly structures in the chip, making 
the technique suitable for on-product monitoring and calibration. The accuracy (including repro) is 
better than 25nm (3a) per single field point, which is comparable to that of FOCAL. Correlating 
scatterometry results with LVT (PreFoc) and Wafer map MA data concludes this. As an example, with 
this accuracy, Ry determination is better than 0.2ftrad (3a) when using 75 measurement points. 

Introduction 

There are many techniques for focus calibration using test wafers: FOCAL, LQT (reticle with small 

prisms), phase shift focus monitor They require a special mask, a special illumination setting or a 

focus meander for each measurement, disqualifying them for measurements on product wafers. 

For focus measurements on product wafers, either on marks in the scribe lane or directly within the 
chip, only few techniques exist which are not very mature. A currently used technique is the 
measurement of Ltne-End-Shortening of test targets in the scribe lane, e.g. KLA MPX. This technique, 
however, does not contain information on the sign of focus and is therefore only suited for monitoring 
and not for correcting focus. 

This memo shows how scatterometry can be used to measure focus. Two strong points for 
scatterometry are: 

• There are no special requirements on mask type and/or illumination mode, i.e. it is directly suited 
for measurement of product wafers. 

• The raw output of the scatterometer HW is one or more fine-structured spectra, the shape of 
which varies strongly with the line width and shape of the measured feature. This implies that the 
Information content of scatterometry spectra is enormous. The expectation is that also focus 
information is present; the challenge is how to retrieve It. 

The presented scatterometry technique is based on direct evaluation of spectra, by comparing them to 
spectra measured on a calibration FEM. This technique may reduce or eliminate standard 
scatterometry drawbacks like the need for forehand knowledge of optical properties of materials and 
the complex and time-consuming building of libraries. Furthermore, the technique is not limited to the 
standard ID-structures, but also allows measurement of 2D-structures and even directly on product. 

Further embodiments Include taking into account dependencies on resist type and/or scatterometer 
type (polarized reflectometer, un-polarized reflectometer, or ellipsometer). 

In principle, all focus applications are possible: 

• Focus calibration using test wafer 

• Focus monitoring on product wafers (both scribe-lane and within chip) 

• Focus calibration on product wafers (both scribe-lane and within chip) 

A method according to an embodiment of tlie invention . 

The method includes a calibration step followed by measurement of product wafers. In the calibration 
step a FEM is exposed and the corresponding scatterometry spectra are measured. The second step 
is recording the scatterometry spectra for the product wafers. It may be desirable or necessary that 
both calibration and product measurements are performed for the identical structure and process 
conditions. 
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Spectrum from product wafer 
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Figure 1 Spectra belonging to calibration FBM (left) and a ^^^°S^Sva!!!eT ""^"'^ 
«Sfef (right). Finding the best match between spectra gives the focus and dose values. 

For our ar^alysis. however, we used a mca -opNst^t^ a.^^^^^^^^^^ 

(PGR). The principle is that each spe(*um desw^^^^ of bas« spe P 

components (similar to Fo""er analysis where each^^^^ ^^^^ 

There are two advantages with respect to the J^f '9'^*^°"^^™^^^^ the discretization of 

calibration step (by limiting the number of pnnciple coi^PO"®"^).^"" f ' 7*°^^^ 

5ie deSSmlned focus and dose values by using a regression technique (i.e. fit). 
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Experimental 

Experiments were performed within the project "Correlation (de)focus vs. CDU". 



Scanner ilium 


AT:850. M8868. NA=:0.8. a^.85/0.55 


Wafers 


Full wafer exposures on four special MEMO wafers (A,B,C,D), 
deliberately made unflat. 

In this memo, only data from wafers C and D have been analysed 


FEM Exposure 


21x21 FEM; focus range -300 300nm. step 30nm 

dose range 22 -> 32 mJ/cm^, step 0.5 mJ/cm^ 
To avoid orocessina influences a mini FEM was eioiosed. Position 
on wafer x = 60 ^ 90mm, y = -25 25mm 
A section of 13x9 is used in tiie calibration step 
focus: -300 -> 60nm. dose: 26 32 liiJ/cm^ 


Wafer map, MA 


Measurements in same run as the LVT exposures 

Focus offset of -90nm to match scatterometry measurements 


LVT 

Full wafer 
exposure 


LVT exposures on the four MEMO wafers. After read-out, wafers 
were stripped and related for the CDU exposures. 

Focus offset of «-125nm to match scatterometry measurements 


CDU 

Full wafer 
Exposure 


Exposed wth Focus offset: -1 lOnm 

Dose: 27.4mJ/cm^ 
Standard CDU layout, field size 26x33mm 
CDU exposures on same chuck as LVT exposures 

Exposures on the four MEMG-wafers 


Process 


DUV42 (60nm) + PEK500 (330nm) -i- AquatarG (52nm}, 
i.e. standard AT850 qualification process 


Reticle 


ELM-SCAT-110. 455.6311.11001 


Measurement 
grid 


MA. 7x61. X = ±10.2mm, Y = ±15.2mm 
LVT, 9x7. X = ±12.7mm. Y = ±16.2mm 
Scat. 7x5, X=:±12.4mm. Y-±15.4mm 


Structure 


1 1 0nm isolated line (pitch 1 :6, binary mask) 


Scatterometer 


KLA-Tencor SpectraCD. Oblique incidence 



Rgure 2 is a wafer map of the MEMC-C wafer measured by the Level Sensor. A number of 'holes', 
with a depth up to 0.5|im. Is visible. The area within the rectangle has been measured by 
scatterometry. The flatness of the other 3 wafers is similar but with the "holes' at different locations. 
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Figure 2 Wafer map for MEMC^C. The area witftin the box /las been measured by scatteromeiry. 



Results 

As described In the section *method\ the spectra coming from the FEM wafer may be used to build the 
model. In this example, not all 21x21 spectra are used, but a subset containing 13 focus steps and 9 
dose steps* Also in this example, the focus range chosen to be symmetrical around Best Focus, and 
the dose range is chosen to cover the expected dose variation. 

One set of measures for the quality of the created model are the residue in focus and dose between 
the values set by the FEM and those given by the model. The residue for focus is 7nm (3a) and for 
dose 0.15% (3ct). 

Applying this model to the spectra from MEMO-C wafer results in the focus and dose distribution 
shown in Figure 3. The white spaces indicate missing data points\ The focus errors over a large part 
of the wafer are small. Near the 'holes', second order focus errors across the field are seen, which the 
leveling system may not be able to correct. 

The fields without *holes* can be used to determine the intra-field fingerprint. The intra-fleld focus 
fingerprint should correlate with the focal plane, e.g. measured by FOCAL. For dose, the intra-field 
variation should correlate to the sum of dose uniformity and reticle fingerprint (in a later stage we will 
took at these Intra-field correlations). 

Furthermore, note that the inter-field dose fingerprint clearly shows across wafer gradient with dose 
increasing towards (-^-Xi-Y). 



* In these case the model could not detemiine the focus and dose values belonging to the spectnim, since the 
values were outside the calibration range 

4ia 
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100 
80 



[ Focus by Scatterometry 



-100 



-50 0 50 

Xjwaferlmml 




.50 0 50 

Xj^i^fer [mm] 



Flflure4 Focus'measurements ty MA (ieH) and scatterometry (right) on MEMC_C. The scatterometry 
data has been interpolated to the MA measurement gnd. 

rS t^BteSa 3o focus difference of 19nm. For bolh case. «» corolaBon* v«y 900d, 
SoTi^l ateo Shows .he« is a •^fSI^S^SS^'STat'ClS^^^^ f».. A 

scatterometry data. • , 



O01. R2a0.Q0, <JF>t3a 




C40. R2i>0.06. dFsiO 




SO too 

Figure 5 Focus measurements by MA (black trace) and scatterometry (red trace) for two columns of 
Figure 4, (t/l£MC_C). On the ten, a typical example witti a 3a focus difference of33nm (column 1). 
On the right, a good example with a 3a focus difference of 19nm, For both cases the correlation is 
very good, f^>0,90. 

In Figure 6 the scatterometry data is compared to the next technique called Leveling Verification Test 
(LVT, on the PAS LQT). This test uses a distortion itke reticle with a large number of small prisms, 
each glued above an alignment mark. The principle is that focus errors are translated into overlay 
errors. The LVT-data has been interpolated to the scatterometry measurement grid. Also here a good 
correlation is seen. 

Focus by LVT Focus by Scattergmetry 

35 
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S 20 
^ 15 
10 
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Figure 6 Focus measurements by LVT (left) and scatterometry (right) on MEMO JO. The LVT data 
has been interpolated to the scatterometry measurement grid. 

Figure 7 shows the correlation plots of scatterometry with LVT and scatterometry with MA, The intra- 
fteld differences between both techniques have been removed, since they are different for each 
technique. The plots show a slope slightly below 1 (scatterometry measures a slightly larger focus 
variation) and a good correlation, R^>0.8. 

For the large positive values in the LVT graph, larger deviations are found. Possibly these points are 
so far out-of-focus (BF is at -llOnm) that the process is not very reproducible for 1 10nm isolated fine 

imaging. 

Note that the focus range for the Scatterometry - LVT correlation plot is larger than that for 
Scatterometry - MA. The reason is that the maximum X-field position is 10.2mm for MA compared to 
12.4mm for Scatterometry, and the largest focus errors are found at the field edge. 
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Figure 7 CorretaUon plot displaying the correlation Scatteromeiry'LVT and Scattetometry-MA for 

MEMC^a 

Table 1 summarizes the correlation results. It gives the differences in focus measured by LVT and 
scatterometry for two wafers and two types of scatterometry spectra (cx/pf . The correlation results are 
very similar for both wafers and do not depend strongly on the type of spectrum used. The correlation, 
expressed in 3a«focus difference, seems to be better for MA. One should realize, however, that the 
focus range for the Scat/LVT correlation is larger than for MA (caused by the difference in 
measurement grid) 

The upper limit for the scatterometry accuracy is given by the focus difference between the two best 
matching techniques (Scat, and MA}. The real accuracy will be better since MA also has a certain 
inaccuracy and the wafer has been recoated in between the two measurements. The conclusion is 
that the accuracy (incl. repro) is better than 25nm (3a) 





dF [nm Za] 


MA 

slope 




dF [nm 3ol 


LVT 

slope 




MEMC^C, a 


26 


0.87 


0.81 


36 


0.88 


0.85 


P 


25 


0.93 


0.77 


36 


0.87 


0,76 


MEMC^D, a 


31 


0.81 


0.71 


37 


0.81 


0.81 


P 


27 


0.90 


0.73 


36 


0.81 


0.74 


Average 


27 


0.88 


0.75 


36 


0.85 


0.79 



Table 1 Focus differences between Scatterometry - MA (left) and Scatterometry - LVT (right). 
Correlation is presented as the 3a -focus deviation between both techniques, and the regression slope 
and correlation coefficient ff. 

A clue on the repro Is given by Table 2. It shows the difference in focus is determined with either one 
of the spectra types. These values can be considered as a lower value for the repro. In the future, 
comparisons of focus measured with H and V will be done. 





Focus difference between a- and p- 




spectra [nm] 




3o 1 mean 



The KLA scatterometer is based on a elllpsometer, which simultaneously measurss two polarization directions, 
resulting In two spectra, called a and p. All results up to now, however, have been only based on the a-specra. 
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Table 2 Differences in focus determined with either one of the two scatterometry spectrum types (a or 
fi). This intrinsic comparison shows a very good match. 

Use oMhe Scatterometry Focus Technique 

Figure 8 (left) shows the residuals from the LVT/Scat correlation for MEMC_C of Figure 7. On the 
right, a similar plot for MEMC_D. A patch like structure is seen, indicating that not all fields are 
exposed with exactly the same focus value. Differences up to 20nm are seen. 

Another example is the determination of image tilt Ry. With a single point accuracy of 25nm (3a), Ry 
determination is better than 0.2)Jirad (3a) when using 75 measurement points. 




Figure 8 (Left) Residuals from the left part of Figure 7 plotted as function of wafer coordinates, data 
from MBtACjC, On the right, a similar piot for MEMCJD, The plot cleariy shows that the focus 
differences between the LVT and scatterometry exposure varies from field to field. 
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Claims 

1 . Method of determming parameters related to a lithogrs^hic apparatus comprising: 

- using a scatterometer to measure calibration spectra on a calibration focus-energy 

matrix (FEM); 

10 - using a scatterometer to measure a spectrum of at least one diffractive structure of 
a substrate; and 

- analyzing the measured spectrum of the at least one diffractive structure; 
wherein said analyzing of the measured spectrum includes comparing the calibration 
spectra and the measured spectrum of the at least one diffractive structure. 

15 

2. The method according to claim 1, wherem said analyzing includes deriving 
parameters to be determined by employing a regression technique. 

3. The method according to any of claims 1 and 2, wherein said analyzing includes 
20 applying a mathematical model which compares the calibration spectra on the 

caUbration FEM with the measured spectrum on said substrate and derives the 
parameters to be determined by employing a regression technique. 

4. A method according to claim 3, wherem said parameters to be determined at least 
25 include focus and dose. 

5. A method according to any of claims 2-4. wherein the regression technique used by 
tiie mathematical model is principal component regression (PGR). 

30 6. A method according to any of claims 1-5, wherein the substrate comprises a test 
wafer. 



2 

7. A method according to any of claims 1-6, wherein the substrate comprises a product 
wafer. 



5 



A method according to any of claims 1-7, wherein the at least one diffractive 
structure is either positioned within the chip or in the scribe-lane. 



9. A method of detennining parameters, said method comprising: 

- using a scatterometer to measure calibration spectra on a caUbration focus-energy 
matrix (FEM); 

10 - usingascatteiometertomeasureaspectrumofatleastonediffiractivestructureof 
a substrate; and 

based on the calibration spectra and the measured spectrum of the at least one 
diffractive structure, obtaining values of parameters relating to a Uthographic exposure 
procedure. 

15 

10. The method according to claim 9, wherein said obtaining includes deriving 
parameters to be determined by employing a regression technique. 

11. The method according to any of dauns ^10. wherein said obtaining includes 
20 applying a mathematical model which compares the caUbration spectra on the 

calibration FEM with the measured spectrum on said substrate and derives the 
parameters to be determined by employing a regression technique. 

12. A method according to any of claims 10-11. wherein the regression technique used 
25 by the mathematical model is principal component regression (PGR). 

13. A method according to any of claims ^12. wherein said obtaming includes 
performing a principal component analysis on at least a portion of the calibration 
spectra. 



30 



14. A method according to claim 13. wherein said obtaining includes constructing a 
model based on said principal component analysis. 



3 

15. A method according to any of claims 9-14. wherein said obtaining includes 
constructing a model based on at least a portion of the calibration spectra. 

16. A method according to any of claims 9-15, wherein said parameters to be 
5 determined at least include focus and dose. 

1 7. A method according to any of claims 9-16. wherein the substrate comprises a test 
wafer. 



10 



15 



18. A method accordmg to any of claims 9-17. wherein the substrate comprises a 
product wafer. 

19. A method according to any of claims 9-18, wherein the at least one diffiractive 
structure is either positioned within the chip or in the scribe-lane. 



20. An apparatus configured to perform a method according to any of claims 1-19, 
wherein the apparatus comprises: 
an illumination system for providing a beam of radiation; 

- a support structure for supporting a patterning structure configured to impart the 
20 beam with a pattern in its cross-section; 

a substrate table for holding the substrate; and 

- a projection system for projecting the patterned beam onto a target portion of the 

substrate. 
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Title of the Development 

Method to separate dose and focus based on scatterometrv spectra 

State of the Art 

• Phase shift focus monitor can determine defocus (but not dose) 

Une-end-shortening can be used to monitor defocus. The sign of defocus, however, cannot be 
retrieved. 



ProblemsTDf the Art 

It is very difficult to discriminate between dose and focus when measuring CD variations. 

in general, special or multiple features are needed in combination with special or time consuming 

metrology (see above). Especially, detennining the sign of defocus is difficult. 



Short Description of a method according to an embodiment of the invention 

Calculates dose and focus using scatterometry spectra and principal component analysis (PCA) 

1 . Calibration of a focus - dose model using scatterometry spectra from an experimental FEM 

2. Predict dose and focus using scatterometry spectra as Input for this model. 

PCA is used to extract the relevant Information from the spectra and thereby reducing noise In 
experimental data. By compacting the data, better calibration models can be build. 

Repro (3a): AF*30nm, AEsO.9% (based on comparing results obtained with H and V-iso lines 
exposures on an AT:1100 lithographic machine) 



Potential Merits of the Development 

Direct determination of scanner correctables instead of using the intermediate step of CD. 
No RCWA* needed: 

1 . at least some embodiments of the invention may be practiced without forehand knowledge of 
optical properties of materials 

2. fast and simple prediction algorithm 

3. Works, in principle, on all structures: 1D (standard for scatterometry), 2D, but also directly 
on-product 

* Rigorous Coupled Wave Analysis: complex algorithm to calculate spectra k>ased on a theoretical resist 
grating and process stack. To extract grating parameters from the spectra, it may be desirable or necessary to 
solve the Inverse problem. 
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Further Description of the Development 



Principal Component Analysis (PCA) can be applied to obtain the basic spectra describing the 

complete series of spectra. These basic spectra are called the principal components. 

In one example analysis as shown below, a scatterometry spectrum that consists of 644 points could 

be reduced to 5 basic spectra. These 5 baste spectra are linear combinations of the 644 points. 

The basic spectra are used to calibrate a model with dose and focus. 

This mod^tcan than be used to predict dose and focus, based on new spectra. 
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Verification and use 
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Examples of experimental results 

On AT:1 100 (M3031) 576 fields are exposed at Best Focus and Best Energy, covering an area of 192 
X 1 56 mm^ on the wafer. Small fields, in the order of mm's, are used. For one position per field the 
scatterometer records a spectrum, which is used as input for the model. 

The figure gives the result for the determined focus and dose across the wafer. Each step in focus is 
20nm and each step in dose is 1 .25%. In the dose plot a typical processing fingerprint (and one flyer) is 
seen. 
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